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METHOD AND APPARATUS TO IMPROVE 
THE DYNAMIC RANGE OF OPTICAL 

DEVICES USING SPATIAL APODIZATION 

BACKGROUND 

1. Related Application 
This application is related to US. patent application Ser. 

No. 10/939,674 entitled “ApodiZed Diffraction Grating With 
Improved Dynamic Range” of Kenneth R. Wildnauer, Which 
is ?led on the same day as this application and is assigned 
to the assignee of this application. 

2. Discussion of Related Art 
Modem research and technology have created major 

changes in the lives of many people. A signi?cant example 
of this is ?ber optic communication. Over the last tWo 
decades, optical ?ber lines have taken over and transformed 
the long distance telephone industry. Optical ?bers also play 
a dominant role in making the Internet available around the 
World. When optical ?ber replaces copper Wire for long 
distance calls and Internet traf?c, costs are dramatically 
loWered and the rate at Which information can be conveyed 
is increased. 

To maximize bandWidth, that is, the rate at Which infor 
mation can be transmitted, it is generally preferable for 
multiple information streams to be conveyed over the same 
optical ?ber using multiple optical signals. Each optical 
signal is a light beam having a Wavelength that is unique 
among the optical signals that share the optical ?ber. Optical 
communication systems rely on optical devices that operate 
With single Wavelength light beams that include a single 
optical signal, and With multi-Wavelength light beams that 
include multiple optical signals. Such optical devices 
include, among others, spectral ?lters. 
A spectral ?lter receives an input light beam that includes 

tWo or more spectral components that have different Wave 
lengths. The ?lter selects and outputs only those input beam 
components that have Wavelengths Within a narroW range. 
This range is determined by the characteristics of the spec 
tral ?lter. The center of the range de?nes the Wavelength of 
the spectral ?lter. 

It is desirable for a spectral ?lter to separate light beam 
components having only small Wavelength differences. 
Small Wavelength differences in light beam components are 
desirable because, for example, the conventional or “C” 
optical communication band can only support up to about 40 
independent optical signals that are separated in Wavelength 
by an increment of about 200 gigahertZ (GHZ). HoWever, if 
the optical communication system can support Wavelengths 
that differ by only about 25 GHZ, then the “C” band can 
support over 150 independent signals. 

Light beam components separated by only small Wave 
length increments can be combined into a densely packed 
multi-Wavelength beam. Using such a light beam enables an 
optical communication system to convey a large amount of 
information over a single optical ?ber. HoWever, such dense 
packing requires precise combination, separation, and other 
handling of these light beams. 

FIG. 1A is a graph shoWing a multi-Wavelength beam 
superimposed on the transmission spectrum of an exemplary 
spectral ?lter. Transmission spectrum 110 is graphed as the 
logarithm of the intensity of the light transmitted by the 
spectral ?lter, With respect to the Wavelength of the light. 
The multi-Wavelength light beam depicted in FIG. 1A has 

tWo light beam components 120 and 130. Each light beam 
component 120 and 130 has a single Wavelength, and each 
component is graphed as the logarithm of the intensity of the 
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2 
component at the particular Wavelength of the component. 
Notably, the intensity of component 120 is substantially 
loWer than component 130. 

Transmission spectrum 110 includes a single primary 
peak 112 and a number of side lobes 114. The center of 
primary peak 112 is the spectral ?lter Wavelength. The 
Wavelength of light beam component 120 coincides With the 
spectral ?lter Wavelength. Primary peak 112 alloWs light 
beams of the spectral ?lter Wavelength to pass through the 
spectral ?lter Without a substantial decrease in intensity. 

Side lobes 114 Within transmission spectrum 110 are 
shoWn occurring in a periodic pattern as the Wavelength of 
the light varies. Side lobes 114 decrease in intensity as the 
Wavelength difference increases betWeen a particular side 
lobe and primary peak 112. The Wavelength of component 
130 is shoWn coinciding With one of the stronger side lobes. 

Side lobes 114 may affect system performance since they 
alloW light at undesired Wavelengths to pass through the 
spectral ?lter. For example, consider the scenario of the 
multi-Wavelength beam shoWn in FIG. 1A, denoted by 
components 120 and 130, Which are communicated to a 
spectral ?lter having the transmission spectrum shoWn in 
FIG. 1A. The desired output from the spectral ?lter Would be 
all of light beam component 120, While all of light beam 
component 130 is blocked. HoWever, as shoWn in FIG. 1B, 
this not alWays possible. 

FIG. 1B is a graph shoWing the intensity of the light 
transmitted by a spectral ?lter having the transmission 
spectrum shoWn in FIG. 1A. The intensity of light beam 
components 121 and 131 represent the output that Would be 
provided by the spectral ?lter. 

Output component 121 typically has about the same 
intensity as input component 120 since the Wavelength of 
the spectral ?lter transmits substantially all of the input light 
at that particular Wavelength. HoWever, output component 
131 has a much loWer intensity than input component 130 
because the spectral ?lter substantially attenuates light at the 
Wavelength of this component. Output component 131 has a 
someWhat higher intensity than output component 121 
because input component 130 has a substantially higher 
intensity than input component 120. In general, the spectral 
?lter described in FIG. 1A cannot readily be used With a 
multi-Wavelength input light beam since it is dif?cult or 
impossible to detect input component 121 because of inter 
ference from component 131. In addition, many conven 
tional spectral ?lters have limited transmission Width and 
rejection shape, Which fall beloW the requirements of mod 
ern optical communication systems. 

SUMMARY OF THE INVENTION 

In accordance With some embodiments, a spectral ?lter 
may include collimating and focusing optical elements, an 
apodiZing ?lter, a diffraction grating, and a spatial ?lter. The 
collimating optical element collimates an input light beam 
While the apodiZing ?lter spatially ?lters this beam. In 
general, the apodiZing ?lter includes a range of transmis 
sivity that varies according to a distance from a predeter 
mined location on the apodiZing ?lter. The diffraction grat 
ing dilfracts the input beam Which is focused by the focusing 
optical element onto the spatial ?lter to generate a ?ltered 
output beam. Embodiments of the invention may be 
employed as spectral ?lters, optical spectrum analyZers, 
optical multiplexers, optical de-multiplexers, and the like. 
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BRIEF DESCRIPTION OF THE DRAWING 

The above and other aspects, features and advantages of 
the present invention Will become more apparent upon 
consideration of the following description of preferred 
embodiments taken in conjunction With the accompanying 
draWing ?gures, Wherein: 

FIG. 1A is a graph shoWing a multi-Wavelength beam 
superimposed on the transmission spectrum of an exemplary 
spectral ?lter; 

FIG. 1B is a graph shoWing the spectrum of the multi 
Wavelength light beam of FIG. 1A after being ?ltered by the 
spectral ?lter Whose transmission spectrum is shoWn in FIG. 
1A; 

FIG. 2A is a block diagram shoWing a spectral ?lter in 
accordance With an embodiment of the invention; 

FIG. 2B is a block diagram shoWing a spectral ?lter in 
accordance With an alternative embodiment of the invention; 

FIG. 2C is a block diagram shoWing a spectral ?lter in 
accordance With another alternative embodiment of the 
invention; 

FIG. 2D is a block diagram shoWing a spectral ?lter 
having a re?ective diffraction grating; 

FIG. 3 is a graph comparing the transmission spectrum of 
FIG. 1A With the transmission spectrum obtained from any 
of the spectral ?lters of FIGS. 2A-2D; 

FIG. 4A is a block diagram shoWing an optical demulti 
plexer in accordance With the invention; 

FIG. 4B is a block diagram shoWing an optical demulti 
plexer in accordance With an alternative embodiment of the 
invention; 

FIG. 4C is a block diagram showing an optical demulti 
plexer in accordance With another alternative embodiment of 
the invention; 

FIG. 5 is a block diagram shoWing an optical multiplexer 
in accordance With the invention; 

FIG. 6A is a front vieW of one type of apodiZation ?lter 
that may be implemented in the invention; 

FIG. 6B is a graph of a transmissivity function of the 
apodiZation ?lter of FIG. 6A; 

FIGS. 7A-7C shoW an optical grating that may be imple 
mented in the invention, With FIG. 7A being a front vieW and 
FIGS. 7B and 7C being side vieWs taken along cross section 
lines 7B-7B and 7C-7C, respectively, shoWn in FIG. 7A; 

FIG. 8 is a block diagram shoWing components for 
fabricating an optical grating that dilfracts and apodiZes an 
input light beam; and 

FIG. 9 is a front vieW of an apodiZing phase plate that may 
be implemented in the invention to augment or replace the 
apodiZing ?lter. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In the folloWing detailed description, reference is made to 
the accompanying draWing ?gures Which form a part hereof, 
and Which shoW by Way of illustration speci?c embodiments 
of the invention. Other embodiments may be utiliZed, and 
structural, electrical, as Well as procedural changes may be 
made Without departing from the scope of the present 
invention. 

FIG. 2A is a block diagram shoWing spectral ?lter 200 in 
accordance With one embodiment of the invention. Filter 
200 generally includes apodiZation ?lter 220, diffraction 
grating 240 optically disposed betWeen imaging components 
230 and 260, and spatial ?lter 270. The apodiZation ?lter is 
shoWn positioned betWeen input source 209 and imaging 
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4 
component 230, and may be implemented using any of a 
variety of optical devices that can apodiZe an input light 
beam. In general, the apodiZation ?lter includes a range of 
transmissivity that varies according to a distance from a 
predetermined location on the apodiZing ?lter. In use, the 
?lter spatially ?lters the input light beam according to the 
varying range of transmissivity. A particular example of a 
suitable apodiZation ?lter that may be used to implement 
apodiZation ?lter 220 is depicted in FIG. 6A and Will be 
described in more detail With reference to that ?gure. 

Referring still to FIG. 2A, input source 209 may be any 
suitable device for introducing input light beam 210, Which 
comprises spatially limited light, into the spectral ?lter. For 
example, the input source may be a ?ltering device having 
a pinhole or slit, an optical Waveguide, a single mode or 
multi-mode optical ?ber, and the like. Imaging component 
230 is an optical device that collimates a diverging light 
beam, While imaging component 260 is an optical device 
that focuses a collimated light beam. Output imaging ele 
ment 260 is typically implemented to reduce the distance 
that output beam 250 must travel before a selected light 
beam component spatially overlaps at a single point. Output 
imaging element 260 also controls the siZe of the ?ltered 
output beam, Which could, for example, be matched to the 
mode siZe of an optical ?ber for ef?cient coupling to the 
?ber. This reduction in distance may be achieved by focus 
ing the output beam onto spatial ?lter 270. Reducing the 
travel distance of the output beam enables the fabrication of 
smaller siZed spectral ?lters. 

Spatial ?lter 270 is an optical device that spatially ?lters 
output beam 250 to produce ?ltered output beam 280, and 
may be implemented using any of a variety of conventional 
?ltering devices. Aparticular example, as shoWn in FIG. 2A, 
is a ?lter having a slit formed Within an opaque volume or 
surface. In this con?guration, the slit forms a straight line or 
a curve in the Y-Z plane. 

In some implementations, spatial ?lter 270 may be used 
to facilitate the combination and separation of multi-Wave 
length and single-Wavelength light beams Without undesir 
able elfects such as distortion, cross talk, or spillover among 
the light beam components. For example, spatial ?lter 270 
may be implemented using an optical device that can capture 
or detect light and Which has a de?ned dimension in the Y 
direction. Speci?c examples of suitable light detecting 
devices include photodetectors, an array of photodetectors, 
a photodetector array, CCDs, optical Waveguides, and pho 
tographic ?lm, among others. These types of optical devices 
may be con?gured to resolve a particular Wavelength, or a 
range of Wavelengths, to spatially limit the output beam to 
produce a spectrally ?ltered output beam 280. 

Referring still to FIG. 2A, input source 209 is shoWn 
providing input beam 210 to apodiZation ?lter 220. Imaging 
component 230 collimates the apodiZed input beam and 
directs this beam onto diffraction grating 240 Where the 
beam is diffracted as output beam 250. The diffracted output 
beam is received by imaging component 260 Which focuses 
this beam onto spatial ?lter 270, resulting in ?ltered output 
beam 280. 

Filter 200 may function as a spectral ?lter or as an optical 
spectrum analyZer. Operating as a spectral ?lter, as described 
With respect to FIGS. 1A and 1B above, ?ltered output beam 
280 is a component of a multi-Wavelength input light beam 
that has the Wavelength de?ned by the spectral ?lter. 

Depending on What component light beams are present in 
the input light beam, the ?ltered output beam provided by 
the spectral ?lter may include tWo or more components of 
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input beam 210, each having a Wavelength Within the range 
of Wavelengths, typically a narrow range, that is selected by 
spectral ?lter 200. 
An optical spectrum analyZer may be categorized as a 

speci?c type of spectral ?lter, commonly referred to as a 
tunable spectral ?lter. A typical optical spectrum analyZer 
operates by tuning the spectral ?lter to a desired Wavelength 
or a range of Wavelengths. The required tuning may be 
accomplished using a suitable positioning mechanism, 
Which Will be described in more detail With reference to FIG. 
2C. 

FIG. 2A shoWs diffraction grating 240 implemented as a 
substantially planar grating, but other designs are possible. 
For example, to reduce or eliminate the need for optical 
imaging components (for example, imaging components 
230 and 260), a non-planer diffraction grating may be used. 
A diffraction grating that is concave With respect to the input 
beam Would transmit a converging spherical Wavefront to 
the spatial ?lter. 

Imaging components 230 and 260 may be implemented 
using conventional optical devices that can converge light 
beams. One example of a suitable device that may be used 
for imaging components 230 and 260 is a gradient index 
(GRIN) lens. 
The optical properties of a typical GRIN lens are deter 

mined by a spatial gradient in the refractive index Within the 
lens, or by a combination of both the shape of the lens and 
a spatial gradient or refractive index. In some GRIN lenses, 
the refractive index of the lens is at a maximum value at the 
center of the lens, decreasing With increased distance from 
the center. The light transmission of the lens also decreases 
With increasing distance from the center of the lens so that 
the lens also apodiZes the input light beam. 
A particular type of GRIN lens is knoWn as a pitch 

controlled GRIN lens. The length of such a lens is a 
particular ratio, such as 25%, of the pitch of the light 
traveling through the lens. A quarter pitch (or 25% pitch) 
GRIN lens Will collimate a diverging light beam or focus a 
collimated beam. A pitch of someWhat less than 25% Will 
decrease the divergence of a diverging light beam, and a 
pitch of someWhat more than 25% Will focus a diverging 
light beam. 

Other types of imaging devices that may be used for 
implementing imaging components 230 and 260 include, 
among others, a single discrete lens, an assembly of tWo or 
more lenses, spherical or aspheric lenses, a cylindrical lens, 
a parabolic lens, an off-axis parabolic lens, a conic shaped 
lens, a curved re?ector, a beam expander, or a combination 
of tWo or more of these devices. 

FIG. 2A provides an example of a spectral ?lter using 
apodiZation ?lter 220 positioned betWeen imaging compo 
nent 230 and input source 209. HoWever, the invention is not 
so limited and alternative con?gurations are possible. For 
example, FIG. 2B shoWs spectral ?lter 201 having apodiZa 
tion ?lter 220 optically disposed betWeen imaging compo 
nent 230 and diffraction grating 240. In this design, the 
apodiZation ?lter is located adjacent to the imaging compo 
nent. Another alternative may be locating the apodiZation 
?lter adjacent to the diffraction grating, as depicted in FIG. 
2C. 

FIG. 2C also shoWs spectral ?lter 202 having optional 
positioning mechanism 290. The positioning mechanism is 
typically implemented When spectral ?lter is used as an 
optical spectrum analyZer. Positioning mechanism 290 may 
be used to adjust the angular relationship betWeen optical 
grating 240 and output ?lter 270, thereby selecting the 
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6 
Wavelength of the component or components Within input 
beam 210 that ultimately result in ?ltered output beam 280. 
The angle at Which light is transmitted from diffraction 

grating 240 depends on both the angle of incidence of the 
light on the diffraction grating, the period of the lines on the 
grating, and on the Wavelength of the light. Thus, the 
Wavelength of spectral ?lter 202 may be selected by modi 
fying the angle betWeen imaging component 230 and the 
axis of diffraction grating 240, or by modifying the angle 
betWeen the axis of the diffraction grating and spatial ?lter 
270, or by modifying both of these angles. Accordingly, the 
Wavelength of spectral ?lter 202 may be selected by adjust 
ing both the X and the Y coordinates of spatial ?lter 270, 
adjusting the position of imaging components 230 or 260, 
adjusting the angle of the diffraction grating in the X-Y 
plane, adjusting the spatial ?lter along an arc centered at the 
point of incidence on diffraction grating 240, or making 
other adjustments of the angular relationships among the 
various components of spectral ?lter 202. 

Undesirable effects, such as image misfocus and 
crosstalk, may occur if either imaging component 260 or 
spatial ?lter 270 are positioned relative to diffraction grating 
240 in a location that does not lie along an arc centered at 
the center of the diffraction grating. These effects may result 
in the loss of the light present in the light beam components 
that are selected. To compensate for these effects, imaging 
components 230 and 260 may be constructed to reduce 
defocus and crosstalk, for example, over certain angular 
displacements. 

FIG. 2D is a block diagram shoWing spectral ?lter 204, 
Which is similar in many respects to the ?lters shoWn in 
FIGS. 2A-2C. The primary difference betWeen these ?lters 
relates to the type of diffraction grating used to implement 
the spectral ?lter. The spectral ?lters shoWn in FIGS. 2A-2C 
utiliZe a transmission diffraction grating 240 Which alloWs at 
least a portion of an input light beam to pass through the 
grating. In contrast, spectral ?lter 204 shoWn in FIG. 2D 
implements a re?ective diffraction grating 241. Re?ective 
diffraction grating 241 may be implemented using knoWn 
grating devices that can re?ect some or all of the input light 
beam incident on the grating. 

During operation, input source 209 provides input beam 
210 to apodiZation ?lter 220. Imaging component 230 then 
collimates the apodiZed input beam and directs this beam 
onto diffraction grating 241 Where the beam is re?ected as 
output beam 250. The re?ected output beam is received by 
imaging component 260 Which focuses the output beam onto 
spatial ?lter 270, resulting in ?ltered output beam 280. 
The various spectral ?lters shoWn in FIGS. 2A-2D, as 

Well as the multiplexing and demultiplexing devices shoWn 
in FIGS. 4A-4C and 5, implement an apodiZation ?lter as a 
separate component that is optically disposed betWeen the 
input light source and the diffraction grating. HoWever, other 
design con?gurations may be used Where the functionality 
of the apodiZation ?lter is integrated With imaging compo 
nent 230 or With diffraction grating 240. Various types of 
diffraction gratings that can di?fract and apodiZe an input 
light beam Will be described With reference to FIGS. 6A-6B, 
7A-7C and 8. 

FIG. 3 is a graph comparing the transmission spectrum of 
FIG. 1A With the transmission spectrum obtained from any 
of the spectral ?lters of FIGS. 2A-2D. Each transmission 
spectrum is graphed as the logarithm of the relative intensity 
of transmission through a spectral ?lter as a function of the 
Wavelength of the input light beam. 
As described above With reference to FIG. 1A, transmis 

sion spectrum 110 of the exemplary prior-art spectral ?lter 
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includes a single primary peak 112 and a number of side 
lobes 114. The prior-art spectral ?lter has an intensity 
difference 320, Which is the difference in transmission 
intensity betWeen primary peak 112 and the strongest side 
lobe 114. Similarly, transmission spectrum 310 of any of the 
spectral ?lters shoWn in FIGS. 2A-2D include a single 
primary peak 312 and a number of side lobes 314. The 
spectral ?lters shoWn in FIGS. 2A-2D have an intensity 
difference 330, Which is the difference in transmission 
intensity betWeen primary peak 312 and the strongest side 
lobes 314. Intensity differences 320 and 330 indicate the 
maximum dynamic range of their respective spectral ?lters. 

Comparing the tWo transmission spectra, the strongest 
side lobe 314 is signi?cantly loWer in transmission intensity 
than the strongest side lobe 114. Intensity difference 330 of 
the spectral ?lters shoWn in FIGS. 2A-2D is substantially 
larger than intensity difference 320 of the prior art spectral 
?lter Whose transmission spectrum is shoWn in FIG. 1A. 
Thus, the maximum dynamic range of the spectral ?lters 
shoWn in FIGS. 2A-2D is substantially larger than the 
prior-art spectral ?lter of FIG. 1A. 

Further, each side lobe 314 has a signi?cantly narroWer 
Wavelength range and a signi?cantly decreased maximum 
transmission intensity than corresponding side lobe 114. 
Compared to transmission spectrum 110, transmission spec 
trum 310 reduces the likelihood that an input light beam 
component at an undesired Wavelength Will spill over into 
the output of the spectral ?lter. 

Moreover, primary peak 312 is signi?cantly Wider than 
primary peak 112, Which may alloW a someWhat Wider range 
of desired Wavelengths to be selected by the spectral ?lter. 
A Wider spectral range may alloW larger tolerances for the 
Wavelengths used as components of a multi-Wavelength 
light beam in an optical communication system. While it is 
customary to speak of the Wavelength of a spectral ?lter, a 
spectral ?lter actually passes a range of Wavelengths. 
The transmission spectrum of a spectral ?lter in accor 

dance With the invention depends upon an assortment of 
design parameters. These design parameters include, among 
others, the shape, siZe, pitch, and optical properties of the 
diffraction lines of the diffraction grating, the relative angu 
lar positions of the optical elements Within the spectral ?lter, 
and the optical characteristics of the imaging components. In 
some implementations, such as When a diffraction grating 
also apodiZes the input light beam, these design parameters 
may also include the spatial modulation of diffraction lines, 
as described in more detail With reference to FIGS. 7A-7C, 
and 8. The transmission spectrum of the spectral ?lter may 
also be modeled mathematically as the convolution of the 
apodiZation function of the apodiZation ?lter With the dif 
fraction function of the diffraction grating. 

Given an ideal apodiZation function and an ideal diffrac 
tion function, it is possible to set the bandWidth of primary 
peak 312 to any desired value. It is similarly possible to set 
the maximum intensities of side lobes 314 to any desired 
value, including making the lobes negligibly small. HoW 
ever, for commercial spectral ?lters, various limiting factors 
constrain the Wavelength range and dynamic range that may 
be obtained in a practical spectral ?lter. It therefore may be 
desirable to merely reduce the amplitude of the side lobes as 
a trade off With manufacturing cost or With other design 
parameters including, among others, the value of the maxi 
mum transmission ef?ciency of primary peak 312. 

FIG. 4A is a block diagram shoWing optical demultiplexer 
400 in accordance With one embodiment of the invention. 
Demultiplexer 400 generally includes apodiZation ?lter 220, 
diffraction grating 240 optically disposed betWeen imaging 
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8 
components 230 and 260, and spatial ?lter array 471. The 
apodiZation ?lter is shoWn positioned betWeen input source 
209 and imaging component 230. In this embodiment, input 
source 209 introduces multi-Wavelength input light beam 
450 into de-multiplexer 400. 

Spatial ?lter array 471 is shoWn con?gured With indi 
vidual spatial ?lters that separate output beam 451 into 
demultiplexed light beams 481. Each of the demultiplexed 
light beams includes a component of input beam 450 at a 
different Wavelength, or components of the input beam 
Within a different range of Wavelengths. Spatial ?lter array 
471 may be implemented using any of the optical devices 
described in reference to spatial ?lter 270. 

During operation, input source 209 provides multi-Wave 
length input beam 451 to apodiZation ?lter 220. Imaging 
component 230 collimates the apodiZed input beam and 
directs this beam onto diffraction grating 240. The diffracted 
input beam is then received by imaging component 260 
Which focuses output beam 451 onto spatial ?lter array 471, 
resulting in tWo or more demultiplexed light beams 481. 

Similar to the spectral ?lter shoWn in FIG. 2A, demulti 
plexer 400 utiliZes an apodiZation ?lter positioned betWeen 
imaging component 230 and input source 209. HoWever, 
other con?gurations are possible Where the apodiZation ?lter 
is optically disposed betWeen imaging component 230 and 
diffraction grating 240. For example, FIG. 4B shoWs spectral 
?lter 401 having apodiZation ?lter 220 optically disposed 
betWeen imaging component 230 and diffraction grating 
240. In this design, the apodiZation ?lter is located adjacent 
to the imaging component. Another alternative may be 
locating the apodiZation ?lter adjacent to the diffraction 
grating, as depicted in FIG. 4C. 

FIG. 5 is a block diagram shoWing optical multiplexer 500 
in accordance With one embodiment of the invention. The 
various components comprising optical multiplexer 500 are 
essentially the inverse of the components comprising optical 
demultiplexer 400. For example, optical multiplexer 500 is 
shoWn having apodiZation ?lters 220 and associated imaging 
components 230, While diffraction grating 240 is optically 
disposed betWeen the plurality of imaging components 230 
and imaging component 260. Spatial ?lter 270 is shoWn 
receiving focused output beam 550. 

During operation, input sources 209 provide single-Wave 
length input beams 210 to associated apodiZation ?lters 220. 
Various imaging components 230 then collimate their asso 
ciated, apodiZed input beams and direct these beams to 
diffraction grating 240. Each of the input beams Will be 
diffracted by the diffraction grating, resulting in diffracted, 
spatially overlapped output beams shoWn in FIG. 5 as a 
single output beam 550. The single output beam is a 
multi-Wavelength beam comprising each of the single-Wave 
length input beams. Imaging component 260 focuses the 
multi-Wavelength output beam onto spatial ?lter 270, result 
ing in a multiplexed and ?ltered output beam 280. 

Multiplexer 500 is shoWn With an apodiZation ?lter posi 
tioned betWeen imaging components 230 and their associ 
ated input sources 209, but other con?gurations are possible 
Where the apodiZation ?lter is optically disposed at almost 
any location betWeen imaging components 230 and diffrac 
tion grating 240. Another alternative may be to replace the 
array of imaging components 230 shoWn in FIG. 5 With a 
single image component 230 that collimates each of the 
array of input beams 210. 

FIG. 6A is a front vieW of one type of an apodiZation ?lter 
that may be implemented in various embodiments of the 
invention. ApodiZation ?lter 600 is a ?lter that has radius 
dependent transmissivity. As shoWn, the apodiZation ?lter 
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has a series of discrete regions between maximum transmis 
sivity at the center of the ?lter and minimum transmissivity 
at the edges of the ?lter. In use, light beams striking the 
apodiZation ?lter along the X-axis are apodiZed by the ?lter. 
Maximum transmissivity region 650 is shoWn formed as 

a circular region that is generally, but not necessarily, 
centered on the axis of the input light beam. The portion of 
the input light beam incident on region 650 is transmitted 
through ?lter 600 With minimum attenuation. First interme 
diate transmissivity region 640 is an annular region that is 
bounded on the inside by region 650 and on the outside by 
second intermediate transmissivity region 630, Which in turn 
is bounded by third intermediate transmissivity region 620. 
Region 620 is shoWn bounded by ?nal transmissivity region 
610. Region 610 is a region of maximum attenuation such 
that all, or substantial all, of the light incident on this region 
is blocked. The siZe of region 610 is such that any unWanted 
portion of an input beam is blocked from reaching the 
diffraction grating. 

FIG. 6B is a graph of the transmissivity function of the 
apodiZation ?lter of FIG. 6A. In this ?gure, transmissivity 
function 670 is graphed as the transmissivity of the apodiZa 
tion ?lter as a function of the radial distance from the center 
of the ?lter. Transmissivity function 670 varies symmetri 
cally betWeen maximum transmission for an input light 
beam that is incident at or near the center of the ?lter, and 
decreasing in transmission as the radial distance from the 
center of the ?lter increases. 

Transmissivity function 670 is dependent upon the num 
ber of transmissivity regions and the transmissivity func 
tions of the various regions utiliZed in the ?lter. The ?lter 
shoWn in FIG. 6A includes a series of annular transmissivity 
regions of gradually decreasing transmissivity functions, 
thus providing a substantially symmetric transmissivity 
function 670. 

Although a ?lter having a number of transmissivity 
regions and associated transmissivity functions is shoWn in 
FIG. 6A, no particular number of regions or particular 
transmissivity function is required or desired. An apodiZa 
tion ?lter is typically selected based upon the siZe and 
geometry of the light beam that is to be ?ltered. For 
example, a ?lter having a series of annular regions, such as 
the ?lter depicted in FIG. 6A, is typically implemented for 
?ltering circular light beams. Similarly, a ?lter having a 
series of rectangular or elliptical regions, for example, of 
varying transmissivity functions may be utiliZed for respec 
tively ?ltering rectangular or elliptical light beams. 

Filter 600 may also be formed With transmissivity regions 
of varying geometries to compensate or correct distortions 
or deviations of the input light beam. For example, the input 
light beam may be asymmetric such that the light beam does 
not have a perfectly spherical Wavefront and circular beam. 
Referring back to FIG. 3, such a light beam Would cause the 
modulation of side lobes 314 and a corresponding modula 
tion of intensity difference 330. To correct this asymmetry, 
the ?lter may be formed With transmissivity regions that 
correspond to and correct the asymmetry of the input light 
beam 

FIG. 7A is a front vieW of diffraction grating 700 Which 
may be utiliZed in accordance With the invention. FIGS. 7B 
and 7C are side vieWs of grating 700 taken along cross 
section lines 7B-7B and 7C-7C, respectively. Grating 700 is 
one example of a diffraction grating that can di?fract and 
apodiZe an input light beam, as Will noW be described. 

Diffraction grating 700 is shoWn having a plurality of 
individual diffraction grooves 710 Which are equally spaced 
and substantially parallel. As shoWn by FIGS. 7B and 7C, 
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10 
diffraction grooves 710 are de?ned by tWo projecting plane 
surfaces. The aggregate pro?le of the diffraction grooves is 
a saWtooth shape. 

In contrast to conventional gratings, grating 700 includes 
variably deep diffraction grooves. For example, grating 700 
is shoWn With grooves having the greatest depth at or near 
center 760 (FIG. 7B), but the depth of these grooves become 
relatively more shalloW extending radially outWard from 
center 760. The diffraction ef?ciency of the optical grating 
700 (i.e., the amount of diffracted light) depends on factors 
such as the depth of the grooves, the angle of incidence of 
the light on the grating, and on the Wavelength of the light. 
The diffraction ef?ciency may therefore be changed or 
otherWise modulated by altering one or more of these 
factors. 

In one example, predetermined point 760 de?nes a loca 
tion Where the center of a light beam is incident on diffrac 
tion grating 700. Since point 760 is located Within relatively 
deep groove lines, maximum diffraction of this portion of 
the light beam is achieved. Remaining portions of the light 
beam are incident on relatively shalloWer groove lines 
located at a distance from point 760. Because of the shal 
loWer groove lines, the remaining portions of the light beam 
experience a lesser degree of diffraction. 
The varying depth of the grooves comprising diffraction 

grating 700 may therefore provide a change in diffraction 
ef?ciency of a light beam incident on the grating. This 
change of diffraction ef?ciency results in spatial apodiZation 
of the light beam. For example, a groove of shalloWer depth 
is generally less ef?cient at dilfracting light than a groove of 
greater depth. Part of the light incident on a particular 
groove leaves at a stray angle, that is, at an angle other than 
the angle at Which the incident light leaves a groove portion 
having maximum depth. Accordingly, an increase in the 
distance of a particular groove portion from predetermined 
point 760 causes a corresponding increase in the amount of 
incident light to be diffracted at the stray angle. 

Care should be taken to prevent stray light from becoming 
part of the output beam. Stray light can be caused by 
spurious re?ections from optical elements in the beam path. 
It can also be caused by a spatial overlap of the Zero order 
(undilfracted) and the diffracted beams. This can arise if the 
grating pitch is made too small, Which causes the angle 
betWeen the undi?fracted and the diffracted beams to be too 
small. 

A particular example of a diffraction grating is depicted in 
FIGS. 7A-7C, but many other designs are possible. For 
example, the pro?le of the diffraction grooves may be 
formed using a variety of shapes including rectangular 
grooves having a sharply rising surface folloWed by a top 
surface, folloWed by a sharply falling surface, folloWed by 
a bottom surface; a mesa shaped groove having an angled 
rising surface folloWed by a top surface, folloWed by an 
angled falling surface, folloWed by a bottom surface; a 
curved groove; and a sinusoidal or a tilted sinusoidal groove. 
Possible changes to the pro?le of a diffraction groove 
include changing the angles along the surface of a groove, 
changing the siZes of the surfaces of a groove, changing 
curvature parameters of the groove, and implementing vari 
ous types of groove shapes in a single grating. 

Moreover, the diffraction grooves need not be physical 
grooves on the surface of a substrate. Instead, the grooves 
may be regions in a substrate that differ in refractive index. 
The difference in refractive index may be varied to modulate 
the diffraction ef?ciency of the optical grating, thus provid 
ing apodiZation of an input light beam. 








